In this paper we report a simple and effective method to functionalize industrial-grade multi-walled carbon nanotubes (MWCNTs) with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), via oxidation of MWCNT S and followed by carbodiimide coupling of amino- 
A C C E P T E D M
A N U S C R I P T 4 electrochemical performance and charge storage capability. Functionalization of MWCNTs is found to be an efficient way of modification and it is divided into two categories: covalent and non-covalent functionalization. Covalent functionalization is a process of linking between functional entities and the carbon skeleton of nanotubes. Non-covalent functionalization is based on supramolecular complexation using different attractive forces, such as van der Waals, hydrogen bonds, electrostatic force and π-π stacking interactions [32, 33] . Functionalization of MWCNTs that integrates it into desired structures or attach to suitable nanostructures [11, 34] , is essential to optimize its potential applications. Surface functional groups can modify MWCNTs surface charge, functionality and reactivity of the surface, and therefore increase its stability and dispensability in different phases [11, 35, 36] . Various studies have been conducted on functionalization of MWCNTs with different oxygen, nitrogen and sulfur containing groups such as carboxylic, amine, thiol, sulfonic, quinone, ether and hydroxyl [13, [36] [37] [38] .
Nitroxides are paramagnetic and electrochemically active compounds with unpaired electron delocalized between nitrogen and oxygen atoms. The most prominent among the nitroxides compound is TEMPO stable nitroxide radical (2,2,6,6-tetramethylpiperidine-1-oxyl) [39] . This persistent radical has found many important applications primarily in organic synthesis, polymer chemistry, spectroscopy, biomedicine and material science [40, 41] . In recent years, much attention has been paid to the immobilization of TEMPO and its derivatives on various solid supports. Combination of properties derived from TEMPO and those originated from proper supports can lead to the interesting materials whose function can be turned into specific purposes. Within this, modification of MWCNTs seems to be especially promising because of its unique electronic, mechanical and chemical properties. Nevertheless, only a few examples of surface modification of MWCNTs with TEMPO derivatives were recently reported. Zhao et al. proposed [42] three-step protocol comprising oxidation of MWCNTs with HNO 3 and H 2 SO 4 mixture, converting of carboxyl groups into corresponding chlorides using thionyl chloride and final formation of ester in reaction with TEMPO supported with -OH terminated spacer. Very recently, a four-step procedure for the synthesis of TEMPO functionalized MWCNTs was proposed [43] . The carbon nanotubes were oxidized with glutaryl peroxide followed by esterification of carboxyl groups with 3-bromopropanol and further substitution of halogen by azido groups. Finally, the azide/alkyne copper(I) catalyzed
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A C C E P T E D M A N U S C R I P T 5 "click" reaction with 4-propargyloxy-TEMPO was performed. All these reported processes are deemed unfavorable for industry due to their multiple steps and harsh conditions that could lead to low grafting density of TEMPO onto the surface.
In this study, we propose a facile two-step approach to functionalize industrial grade MWCNTs with TEMPO and its electrochemical performance as supercapacitor is evaluated.
Experimental techniques

Materials
Industrial-grade multi-wall carbon nanotubes (MWCNTs) were purchased from TCI. 4-Amino-2,2,6,6,-tetramethylpiperidinoxy free radical (98%) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) hydrochloride were purchased from Fluorochem, NHydroxysuccinimide (NHS) was purchased from Merck.
Samples preparation
Oxidation of MWCNTs
MWCNTs (4.4 g; earlier purified with 30% HCl for 40 min.) was added into the concentrated nitric acid (69%, 250 mL) solution and the suspension was sonicated for 5 min and purged with oxygen for 10 min. Then the mixture was refluxed for 12 h at 110 °C. After cooling to room temperature, the reaction mixture was diluted with 300 mL of deionized water and filtered under suction through a Schott funnel (G5 porosity). The functionalized MWCNTs was washed several times with water until the filtrate pH was close to neutral. The residue was dried in vacuum oven (25 mbar) at 65 o C for 16 h.
Synthesis of TEMPO functionalized MWCNTs
The suspension of oxidized MWCNTs (4 g) was sonicated for 5 min in DMF (300 mL), followed by activation in the excess of EDC (1.1 g ) and NHS (0.7 g) and the suspension was then stirred for 2 h at room temperature. Subsequently, an excess of 4-amino-2,2,6,6,-tetramethylpiperidinoxy free radical (1.7 g) in DMF (100 mL) was added and the suspension was stirred at room temperature for 72 h. The product was isolated by filtration and washed
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A C C E P T E D M A N U S C R I P T 6 with DMF several times to remove unreacted substances. Finally, the TEMPO functionalized MWCNTs was washed with diethyl ether and dried to obtain 60% yield. The prepared material was denoted as MWCNTs-TEMPO. The functionalization process is depicted as Scheme 1. 
Samples characterization
Electron paramagnetic resonance (EPR) measurements were carried out at room temperature in solid state at X-band (9.3 GHz) using spectrometer Miniscope MS200 (Magnettech GmbH, Berlin, Germany). Modulation frequency was 100 kHz. X-ray photoelectron spectroscopy (XPS) measurements were done using a VG ESCALAB 210 electron spectrometer equipped with monochromatic Al-Kα source (1486.6 eV) of radiation. XPS data were calibrated using the binding energy of C 1s transition at 284.6 eV as the internal 
Electrochemical measurements
For electrochemical characterization, the electrodes were prepared from the active material (MWCNTs-TEMPO), carbon black and polyvinylidene fluoride in the weight ratio of 90:5:5. The mixture was casted onto a nickel foam, dried and then uniaxially pressed at 5 tons.
The electrochemical performance was investigated using three-electrode system which consists of active material as working electrode, Ag/AgCl (CH Instrument) as reference electrode and
Pt wire (CH Instrument) as counter electrode.
A practical symmetrical supercapacitor was made by using two electrodes made of the active material that were electrically isolated from each other by a porous membrane pre- 
Results and discussion
Structural and morphological analyses
The presence of nitroxides radicals attached to the MWCNTs-TEMPO was confirmed by EPR spectroscopy. As seen in can be confirmed by the broad singlet shape of the spectrum without visible superfine structure lines [44] .
High-resolution TEM (HRTEM) image of MWCNTs-TEMPO (Fig. S2) shows the tubular morphology of MWCNTs. It is clearly to be seen that, the functionlization process causes no observable structural damage to MWCNTs. The diameter of the tubes is ranged from 20 nm to 80 nm and they are well separated from each other, probably due to the disruption of van der Waals forces resulting from TEMPO functionalization [19] . This can lead to higher ion diffusion within MWCNTs structure which directly contributes to higher specific capacitance.
The TEMPO functionalization is random and evenly scattered onto MWCNTs surface, which can be seen from the EDX mapping in respectively, which is considered as a crucial parameter in the ion adsorption process in the electrochemical measurements. The higher S BET for MWCNTs-TEMPO than that before functionalization, due to the fact that, the separation between tubes by the action of TEMPO groups. The total pore volume (V p ) of MWCNTs and MWCNTs-TEMPO are 0.18 and 0.21
respectively. In addition, the average pore diameters (P w ) could be obtained as: The presence of functional groups attached to the nanotube surface was confirmed by XPS ( Fig. 1a-c) . The wide survey XPS profile is shown in Fig. S5 . The C 1s spectrum of the obtained MWCNTs-TEMPO is asymmetric with very long tail extended to higher energy. The fitted experimental data can be deconvoluted into several peaks. The main peak among them, is centered at 284.6 eV, which corresponds to the sp 2 hybridized carbons that are connected like in the graphite structure. The next Gaussian peaks can be assigned to the following bonds: C-C bonds and C-H bonds sp 3 carbons centered at 285.1 eV [49] , C-N bonds at 289 eV [49] which confirms the functionalization of the surface with piperidine ring, C=O bond at 287.9 eV derived from the amide groups [50] . Notably, the peak centered at 285.1 eV can be partially attributed to the defects on nanotube structures [50] . According to the literature data, the peaks at 286.8 eV and 290.0 eV in C 1s spectrum, correspond to carbon atoms connected with hydroxyl and carboxyl groups, respectively [51] . Additionally, in the C 1s spectrum of the synthesized material, the - * transition loss peak was observed at 290.8 eV and shake-up satellite at 291.6 eV.
The N 1s spectrum can be deconvoluted into two peaks centered at 400.0 eV and 401.9
eV, both with the same value of full-width at half-maximum (FWHM) 1.78 eV. The first peak could be attributed as common for N-O  bonds and N-H bonds in the amide groups [41, 52, 53] . Considering atomic concentration of nitrogen atoms derived from quantitative analysis by using XPS (0.86%), the grafting density of TEMPO molecules on the nanotube surface is 0.58 mmol/g. The next peak in the N 1s spectrum (401.9 eV) can be assigned to a shake-up satellite involving N-O  bonds in analogy to those observed for TEMPO immobilized on the other solid supports such nanoparticles and thin films [52, 54] . The O 1s spectrum can be deconvoluted into three peaks centered at 531.5 eV attributed to the oxygen atom in the carbonyl group [55] , 533.6 eV corresponds very well to the oxygen atom in the nitroxide group [54] and 536. The diffusion behavior of these redox peaks are evaluated by scanning voltammetry at different scan rates (Fig. 3b) . As the scan rate increases, both of the corresponding redox faradaic and non-faradaic currents increase, which indicate faster K + ions diffusion onto
MWCNTs-TEMPO surface. The redox faradaic current is further investigated and it is found that the anodic peak current is directly proportional to the square root of scan rate (Fig. 3c ).
This implies that the observed redox reaction is dominated by the K + ions diffusion process 
where i p is the peak current (A), n is the number of electrons in the redox reaction (according to Scheme 2, n = 1), S A is the electrode area (cm 2 ), C is the concentration of the electroactive species at the electrode (g cm -3 ) and ν is the scan rate (V s -1 ). D is computed to be 2.610 -7 cm 2 s -1 which shows fast K + ions diffusion as a result of wider pores diameter of 15.1 nm (this value is comparable to the reported values for K + in different electrode materials [59, 60] ). the best of our knowledge, the functionalization of electrode with TEMPO moiety is first being demonstrated in this work. Due to the MWCNTs used in this work is produced as industrial grade product, MWCNTs possesses low specific capacitance as the quality is often compromised during industrial production. However, the facile functionalization to produce pseudocapacitive MWCNTs-TEMPO can enhance the specific capacitance up to 5 times. Nyquist plot shows a small semi-circle in the high-frequency region and a vertical line at low frequency, which represents the dominance of capacitive behavior from the formation of ionic and electronic charges of the electric double layer system at the MWCNTs-TEMPO electrode surface [61] . The phase angle MWCNTs-TEMPO is found to be 80° (see Bode plot in Fig. 4b ), which is close to ideal supercapacitor (90°) [51] . The experimental data for MWCNTs ( [51], MWCNT-aromatic azides (0.70 Ω) [62] and MWCNTs-Cyst (0.18 Ω) [13] . Both enhancements can be associated to the unpaired electron from TEMPO.
The electrochemical active surface area (S E ) can be calculated from EIS findings as reported elsewhere [21, 65] . The calculated S E value for MWCNTs-TEMPO is found to 180.4 
Performance of the symmetrical supercapacitor
The energy stored in a supercapacitor is directly proportional to the capacitance and the operating voltage, therefore increasing the operating voltage of a supercapacitor is highly crucial. Generally, the working potential window is limited by the nature of the electrode material and the electrolytes [68, 69] . It is known that, in KOH solution, the electrode can work in the range from -1 to 0.5 V, so the complete cell in symmetric supercapacitor can work up to 1.5 V. On the other hand, in Na 2 SO 4 solution, it can work in the range from -1 to 1 V, and accordingly, the complete cell can work up to 2 V. For this purpose the symmetric supercapacitor was tested in both electrolytes to investigate the potential window stability. On the other hand, the symmetric supercapacitor shows wider potential window up to 2 V in a neutral electrolyte (Na 2 SO 4 ) as shown in Fig. 7a- [45] . All these factors contribute to faster K + ions mobility within the structure and therefore storing more charges.
The energy and power densities can be calculated from CDC data using equations reported elsewhere [39] . Ragone plot (energy density vs. power density) of the symmetric supercapacitor is shown in Fig. 7f . Under the similar potential window at 1.6 V, the supercapacitor shows higher energy density of 21. 
ACCEPTED MANUSCRIPT
A
The cycling stability is a momentous characteristic for a supercapacitor [69] . The cycling stability of the symmetric supercapacitor was tested at 0.5 A g -1 for up to 4000 CDC cycles in KOH and Na 2 SO 4 as shown in Fig. 8a-b . MWCNTs-TEMPO shows high cyclic stability of 86% (in KOH) and 90% (in Na 2 SO 4 ) for 4000 CDC cycles. In addition, the Coulombic efficiency was found to be 91% (in KOH) and 92% (in Na 2 SO 4 ) at the end of CDC. The insets of Fig. 8 show the CDC curves at the representative cycles to indicate the insignificant change of the curves even after these long cycling process. The high cycling stability is a motivating factor for using this material in the supercapacitor application. 
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